Characterization and quantification of livestock odorants is one of the most challenging analytical tasks because odor-causing chemicals are very reactive, polar, and often present at very low concentrations in a complex matrix of less important or irrelevant gases. The objective of this research was to develop a novel analytical method for characterization of the livestock odorants including their odor character, odor intensity, and hedonic tone and to apply this method for quantitative analysis of the key odorants responsible for livestock odor. Field samples were collected with sorbent tubes packed with Tenax TA. The automated one-step thermal desorption module coupled with multidimensional gas chromatography-mass spectrometry/olfactometry system was used for simultaneous chemical and odor analysis. Fifteen odorous VOCs identified from livestock operations were quantified. Method detection limits ranged from 30 pg for indole to 3590 pg for acetic acid per sample. In addition, odor character, odor intensity, and hedonic tone associated with each of the target odorants were also analyzed simultaneously. The mass of each VOC in the sample correlated well with the log stimulus intensity of odor. All of the coefficients of determination (R 2 ) were greater than 0.74, and the top 10 R 2 s were greater than 0.90. Field air samples from swine and dairy operations confirmed that target compounds quantified represented typical odor-causing compounds emitted from livestock.
Introduction
Odor emissions from livestock facilities affect air quality in surrounding communities. Many volatile organic compounds (VOCs) have been identified, including acids, alcohols, aldehydes, amines, volatile fatty acids (VFAs), hydrocarbons, ketones, indoles, phenols, nitrogen-containing compounds, and sulfur-containing compounds as those are typically emitted from animal agriculture [1, 2] . Compounds contributing to livestock odor have been identified, such as VFAs, p-cresol, 4-ethylphenol, indole, skatole, and sulfur-containing compounds [3] [4] [5] [6] [7] .
Livestock odor can be measured with sensory and/or analytical methods. Olfactometry determines odor concentration in terms of dilutions to threshold using dynamic forced-choice olfactometry, which relies on air sample collection in bags for subsequent evaluation with panelists. Analytical methods provide compoundspecific information, such as gas concentration and, if used in conjunction with olfactometry, an identification of individual odorous compounds that might be responsible for causing the odor. Quantification of these odor-causing compounds is useful for air quality measurements and also for the development and assessment of odor mitigation technologies.
Gas chromatography (GC)-mass spectrometry (MS)/olfactometry (O) offers the advantages of combining sensory assessment with the identification and quantification of compounds. This method was used for identification of odorous compounds from swine facilities [3] [4] [5] [6] [7] . Rabaud et al. [8] used thermal desorption (TD)-GC-O/MS to identify and to quantify odorous compounds from a dairy. Simultaneous GC-O approach was used for identification and qualitative assessment of odorous compounds from swine facilities [3] [4] [5] quantification of livestock VOCs and (b) linking typical livestock VOCs and their concentrations with measured odor parameters [9] [10] [11] .
The focus of this research was to develop an odor characterization method for specific livestock odorants and develop a quantitative analysis method for the key odorous compounds responsible for livestock odor emissions using TDmultidimensional (MD)GC-MS/O system. In addition, correlations between odor intensities and VOC concentrations were developed.
Experimental and methods

Thermal desorption-multidimensional GC-MS/olfactometry (TD-MDGC-MS/O) system
Simultaneous chemical and sensory analyses of livestock odorants were completed using the TD-MDGC-MS/O system. The TD system consists of a Model 3200 automated thermal desorption inlet for Agilent 6890 GC developed by Microanalytics (Round Rock, TX, USA) based on a PAL ® autosampler. The unique design of the Model 3200 system allows for gentle purging of air and water from sorbent tubes prior to a single-step sample desorption and introduction to GC. This system eliminates desorption followed by a separate step of cryotrapping and subsequent rapid desorption. Instead, samples are desorbed directly onto the front of GC column, eliminating problems associated with a typical desorption-trapping-desorption and problems with the presence of water/air in sorbent tubes.
Multidimensional GC-MS/O (Microanalytics) was equipped with two columns connected in series. The non-polar pre-column was 12 m, 0.53 mm i.d.; film thickness, 1 m with 5% phenyl methylpolysiloxane stationary phase (SGE BP5) and operated with constant pressure mode at 8.5 psi (0.58 atm). The polar analytical column was a 25 m × 0.53 mm fused silica capillary column coated with poly (ethylene glycol) (WAX; SGE BP20) at a film thickness of 1 m. The column pressure was constant at 5.8 psi (0.39 atm).
System automation and data acquisition software were Mul-tiTraxTM V. 6.00 and AromaTraxTM V. 7.02 (Microanalytics) and ChemStationTM (Agilent, Santa Clara, CA, USA). The general GC run parameters used were as follows: injector, 260 • C; FID, 280 • C, column, 40 • C initial, 3 min hold, 7 • C min −1 , 220 • C final, 10 min hold; carrier gas, GC-grade helium. The GC was operated in a constant pressure mode where the mid-point pressure, i.e., pressure between pre-column and column, was always at 5.8 psi (0.39 atm) and the heart-cut sweep pressure was 5.0 psi. The MS scan range was 33-280 m z −1 . Spectra were collected at 6 scans s −1 using scan and selective ion monitoring (SIM) simultaneously. Electron multiplier voltage was set to 1000 V. MS tuning was performed using the default autotune setting using perfluorotributylamine (PFTBA) weekly.
A human panelist assessed odor of each of the separated compounds (at the sniff port) simultaneously with chemical analyses. Odor caused by separated VOCs was evaluated with a 64-descriptor odor character panel, odor intensity scale, and odor hedonic tone scale with Aromatrax (Microanalytics, TX, USA) software summarizing this information in aromagrams.
Air sampling
Sampling sorbent tubes were constructed of 304-grade stainless steel and then double passivated with a proprietary surface-coating process. Then, tubes were packed with 65 mg Tenax TA. Silanized glass wool plugs and stainless steel screens were placed in the two ends of the tubes to hold the sorbent.
Before the first use, sorbent tubes were conditioned by thermal desorption (260 • C for 5 h) under a 100 mL min −1 flow of N 2 . For subsequent uses, pre-conditioning at 260 • C for 30 min was tested as sufficient and applied for all tubes.
Field air samples were taken using a portable sampling pump with a set flow rate of 70 mL min −1 for 1 h, followed by storage at 4 • C, and analysis within seven days. The sampling flow rates were checked with a NIST-traceable digital flow meter (Bios International, Butler, NJ, USA).
Standards and calibration
Fifteen compounds were selected as the target VOCs for quantification in this work. The selection was based on previous studies relative to typical odorous VOCs emitted from livestock facilities (Table 1) [1, [3] [4] [5] [6] [7] . Sulfur VOCs were not quantified due to system limitations. Standard solutions for gas standards were prepared by diluting stock standard solutions in methanol and were stored at 4 • C in the dark. Stock standard solutions of VFAs and phenolics were prepared by adding known masses of pure chemicals into a 40 mL pre-cleaned vial, and then filled with a known mass of methanol. Detector (MS) response factors for target VOCs were determined by direct injection of 1.0 L of standard solution onto the GC column and measuring recovery of each odorant.
Calibration of sorbent tubes was performed as follows. 5 L or 10 L of the standard solution was spiked into a sorbent tube using an ATIS TM adsorbent tube injector system (Supelco, Bellefonte, PA, USA). A N 2 flow of 50 mL min −1 for 5 min with the block heater temperature set to 75 • C was optimized and used to transfer target VOCs onto the sorbent tubes. Table 1 summarizes the method detection limits (MDLs) for target VOCs.
Results and discussion
Quantification of odorous VOC concentrations, odor intensity, character, and hedonic tone was performed simultaneously using the TD-MDGC-MS/O system. Target compounds were separated in the GC column and isolated compounds were split into MS and the sniff port with the mass split ratio of 1:3. The concentrations of compounds were quantified with the MS detector, and the odor character, intensity, odor event duration time (i.e., time from start to end of detected odor), and hedonic tone was identified and quantified via the sniff port by the panelist ( Table 2 ). Fig. 1 shows the chromatogram and aromagram of a standard calibration gas sample with 15 typical odorous VOCs. The aromagram represents panelist response to separated compounds eluting from the GC column. Peaks represent recorded odor intensity on the scale of 0-100% [1, [3] [4] [5] . It was observed, that with the increase of compound boiling point (and GC column retention time), the detection of odor associated with specific compounds was increasingly delayed compared with the GC column retention time. Thus, in order to quantify the odor event accurately, it was important to train the panelist to correctly separate each odor event.
The separation of odors caused by higher boiling point compounds such as 2-aminoacetophenone, 4-ethylphenol, indole and skatole was optimized as follows. The GC-MS-O analysis of a single compound was performed and compared with the same analysis of the 15 VOCs gas mixture. It was found that the odor events for these four VOCs with the highest boiling points overlapped. This was likely caused by condensation of VOCs in the sniff port. The odor events for the remaining 11 VOCs were completely separated. Thus, the separation of odor events for the four high boiling point VOCs was optimized and set to occur at constant GC column retention times. This was done to analyze and compare odor characteristics between all experiments.
Method detection limit (MDL) was determined using standard U.S. EPA methodology [12] . The MDLs were defined as the minimum concentration of a substance that can be measured and reported with 99% confidence when the analyte concentration is greater than zero and is determined from analysis of a sample in a given matrix containing the analyte. The MDLs for our method are listed in Table 1 . The MDLs were generally lower than those reported in other previous studies [13, 14] .
Precision tests were conducted by consecutive analysis of three tubes spiked with the same amount of a standard work solution. Values of repeatability (% relative standard deviation (RSD) values) are reported in Table 2 . All of the odorants had reasonable repeatabilities <20% that meets USEPA method performance criteria [15] . To examine VOC breakthrough, two tubes were connected in series into the standards spiking system. Individual analysis of each tube showed that no significant breakthrough (measured as % VOCs in the second-in-series tube) was observed for most of the standard VOCs. Breakthrough was only observed for low molecular weight compounds: acetic acid (maximum 34.7%, mean 27.7%), propanoic acid (maximum 24.0%, mean 21.5%), and isobutanoic acid (maximum 5.6%, mean 4.8%). This was due to the weaker sorption capacity of Tenax TA to low molecular weight VFAs.
We also investigated the correlation of measured (at the sniff port) odor intensities associated with each separated target VOC with the VOC masses introduced with a sample. We found that the mass of each VOCs correlate well with the log stimulus intensity (Fig. 2) . All of the coefficients of determination (R 2 ) for linear fits were greater than 0.74, and the top 10 R 2 s were greater than 0.90. This finding was consistent with the Weber-Fechner Law, which is referred to as one of fundamental psychophysical laws [16] :
odor intensity (VOC) = m × log(VOC mass in sample) + b For many odorants used in the food and fragrance industry, there is a linear relationship between log olfactory intensity reported by the individual panelist and the air concentration of the odorant present in air [17] . Zahn et al. [9, 10] also reported that the total air concentration of VOCs emitted from swine manure correlate well with the log stimulus intensity.
Finally, this method was used to measure the odor emitted from swine and dairy sites. Fig. 3 shows the chromatograms and aromagrams for field samples collected at a swine site (Fig. 3A ) and a dairy site ( Fig. 3B ). Target odorous compounds were labeled and the corresponding VOC concentrations and odor characteristics are shown in Table 3 . Typical odorous compounds emitted from a swine site were p-cresol, propanoic acid, butyric acid, and acetic acid. The typical odorous compounds emitted from dairy site were acetic acid, propanoic acid, butyric acid, and p-cresol. Although most of the typical odorous compounds from swine and dairy sites were similar, measured concentration of those from swine sites were much higher. Note that measured odor intensities (aromagram-range of 0-100%) from both sites were of similar magnitude, which is consistent with the fundamental psychophysical law. Additional VOCs were also identified in air samples shown in Fig. 3 , e.g., toluene, hexanal, heptanal, styrene, 3-octanone, limonene, nonanal, and decanal. These compounds were less odorous and/or had positive hedonic tone (scale used from −4 to +4), and were not apparently contributing to the characteristic overall odor (Table 3 ).
Conclusions
The TD-MDGC-MS/O system can be used to estimate concentrations of VFAs and phenolic compounds associated with odorous gas emissions from CAFOs. Odor character, odor intensity, and odor hedonic tone can be assessed for separated target compounds simultaneously with chemical analyses. Concentrations of odorous compounds correlated well with the measured log stimulus intensity. Field samples from swine and dairy barns confirmed that target compounds quantified included those contributing to the overall characteristic odor.
